Aqueous two-phase systems (ATPS) composed of polyethylene glycol (PEG)-citrate have been used for enzyme partitioning studies. The behavior of lactate dehydrogenase (LDH) from bovine heart crude extract was analyzed using a two-level factorial design in which the PEG molar mass and concentration, the citrate concentration were selected as independent variables, while the purification factor, the partition coefficient (K) and the activity yield were selected as responses. The statistical analysis revealed the effect of PEG molar mass on K. LDH exhibited a better partitioning toward PEG-rich phase and the highest K value (1079.81) was obtained with 42% (w/w) PEG 400 and 7.5% (w/w) citrate concentration. PEG molar mass also influenced the purification factor of the enzyme in the top phase. Possibly these ATPS remove inhibitors present in the extract affording higher enzyme yield.
Introduction
The enzyme lactate dehydrogenase -LDH (E.C.1.1.1.27) catalyzes the final reaction in glycolysis, the interconversion of pyruvate and lactate using nicotinamide adenine dinucleotide (NAD) as a coenzyme, and it is widely distributed among bacteria, plants and animals [1] . The determination of this enzyme is useful in the diagnosis of diseases involving damage to tissues. Five LDH isoenzymes and their relative properties change significantly in certain pathological conditions [2] .
The purified enzyme can be useful in biomedical analysis to make calibration curves for measurements of enzyme activity, in kinetic and stability studies and in structural analyses. Some methods have been used to purify LDH and isolate its isoenzymes such as anion-exchange chromatography, affinity chromatography, affinity precipitation and affinity partitioning in aqueous two-phase systems (ATPS) [3] .
Aqueous two-phase systems allow enzyme separations based on molar mass, conformation, charge and/or hydrophobicity [4] . Extraction in this system is a suitable technology for the first step of a separation procedure and also to partially replace chromatographic steps [5] . It is recommended for large-scale purification of proteins, because it achieves selective partitioning with high yields and because it can be scaled-up with a good cost-benefit ratio [6] . ATPS are based on water-soluble polymers and salts and/or two different water-soluble polymers [7] . The high content of water in both phases and low interfacial tension in ATPS offers a favorable environment for biological materials such as enzymes [8, 9] .
The aim of this research was to develop an ATPS based on PEG/citrate for partial purification of LDH from bovine heart crude extract using a factorial design. Citrate is a biodegradable and nontoxic anion and can be discharged into biological waste treatment plants [8] . Factorial design is a convenient method to observe the effects of factors (variables) in the purification and to determine the more significant effects.
Materials and methods

Reagents
Polyethylene glycol (PEG) 400, 550 and 1000 and bovine serum albumin were obtained from Sigma (St. Louis, USA), while sodium citrate and citric acid were purchased from Merck (Darmstadt, Open access under the Elsevier OA license.
Open access under the Elsevier OA license. Germany). Sodium pyruvate and nicotinamide adenine dinucleotide reduced form (NADH) were obtained from the Labtest kit for lactate dehydrogenase determination (Minas Gerais, Brazil).
Preparation of bovine heart crude extract
The crude bovine heart extract was prepared using the method described by Shibusawa et al. [10] .
Preparation of aqueous two-phase systems
PEG-sodium citrate systems were prepared from a 30% (w/w) stock solution of sodium citrate, pH 7.0. Sodium citrate solutions were prepared by dissolving calculated amounts of sodium citrate (anhydrous) in deionized water. 30% (w/w) citric acid (monohydrate) solution also in deionized water was used to adjust the pH of the citrate solution. Systems of 5 g of mass containing the required amounts of PEG, salt solution, extract and deionized water to balance the total weight were prepared. The level for the factors were chosen based on phase diagrams [11, 12] for the systems studied, and Table 1 shows the experimental design. ATPS were prepared by mixing with a vortex for 20 s to allow redistribution of the components and the volume of each phase was measured.
Enzyme assay
Assays of LDH activity in crude bovine heart extract were performed in 0.25 M buffer, pH 7.5, containing 15 mM sodium azide, 6 mM sodium pyruvate and 0.36 mM NADH. One unit of enzyme reduces 1 mol pyruvate per minute at 25 • C, and the decrease in absorbance was recorded spectrophotometrically at 340 nm [13] . This procedure was done using the samples obtained from the twophase system with and without (blank) extract to determine any possible polymer or salt interference with the enzyme assay. All analytical determinations were performed in duplicate.
Protein determination
Protein concentration was measured by the Bradford method [14] using bovine serum albumin as the standard.
Statistical analysis
A 2 3 full factorial design was used to analyze the influence of three factors: PEG molar mass, PEG concentration and citrate concentration. The effects of these three independent factors on enzyme behavior were determined based on enzyme partition coefficient (K), purification factor (PF) and enzyme yield (Y). Partition coefficient is described as the ratio of the enzyme activity (U/mL) in the top phase to that in the bottom phase (Eq. (1)).
where EA t is the enzyme activity in the top phase and EA b is the enzyme activity in the bottom phase. Purification factor in the top phase (PF t ) is described as the ratio of the enzyme specific activity (U/mg) in top phase to the specific activity in the tissue extract before partitioning (Eq. (2)).
where EA i is the enzyme activity in the extract (U/mL) and P i and P t are the protein concentrations (mg/mL) in the extract and in top phase, respectively. Enzyme yield in the top (Y t ) and bottom phase (Y b ) is expressed as percentage considering the ratio of enzyme activity in the phases to that in the initial extract (Eqs. (3) and (4)).
where V i , V t and V b are respectively the volume of the extract in the systems (mL), volume of the top phase (mL) and volume of the bottom phase (mL). The data were analyzed using Statistica (version 8.0, Statsoft Inc., 2008). Table 2 shows that in PEG-citrate ATPS the enzyme was partitioned to the top phase except in the system composed of 46% (w/w) PEG 1000 and 7.5% (w/w) citrate. ATPS composed of 42% (w/w) PEG 400 and 7.5% (w/w) citrate favored a great increase in LDH transfer to the top phase, resulting in an extremely high K value. Fexby et al. [15] also found K values higher than 1 using the polymer E030PO70 (molar mass 3300)-dextran system in partition experiments (pH 7.0) with N-terminal tagged LDH. However, Shibusawa et al. [10] examined the behavior of commercial LDH from chicken heart in two-phase systems (PEG 1000-phosphate and PEG 8000-dextran) and observed enzyme partitioning to the top phase only at pH 9.0 or higher. Fig. 1 shows the cubic plot of the effects on K, where the highest estimated value was found in the ATPS described before. It is probable that high PEG 400 concentrations, indicated by the phase diagram to form two-phase systems with citrate, favored Table 2 . Axis x, y and z are PEG molar mass -MMPEG (g/mol), polyethylene glycol concentration -CPEG (w/w %) and citrate concentration -C cit (w/w %), respectively. the migration of the enzyme to the top phase, allowing a possible interaction between PEG and LDH. Furthermore, the systems composed of PEG 400 showed two well-defined phases, in contrast to the system with 46% (w/w) PEG 1000 and 12.5% (w/w) citrate [11, 12] . In this case, assay 8 showed that it was not possible to separate the system into two phases after the addition of extract. Protein concentration was significantly low in both phases (data not shown), leading to a protein accumulation at the interface of all ATPS tested. This finding along with the saturation of citrate salt and PEG 1000 could have accounted for the disruption of the interface line in this system, preventing separation of the phases. The Pareto chart (Fig. 2) shows the effects of the factors on K. The length of the bars indicates the relative importance of the factors, and any factor showing significance (p < 0.05) will extend beyond the line passing through the chart. It is evident that the effect of PEG molar mass (MM PEG ) was statistically more important with regard to K. MM PEG showed a negative effect on the K value, because the lowest level of MM PEG led to an increase in this dependent variable. It can be due to the higher sensitivity of the partition coefficient to polymer molar mass for proteins with molecular mass higher than 50 kDa, such as LDH (140 kDa), so the opposite behavior would be observed for trypsin (25 kDa) [16] . Despite this, negative effects of PEG and citrate concentrations on the response of K were significant.
Results and discussion
Partitioning effect of bovine LDH
These results are in accordance with those obtained for partitioning of whey milk proteins and albumin, because it was observed that an increase in MM PEG leads a decrease in the partition coefficient due to a large transfer of these proteins to the salt phase [17] [18] [19] . However, Balasubramaniam et al. [20] found that a lower MM PEG as well as PEG concentration leads to a lower partition coefficient for tobacco protein and higher partition coefficient for lysosyme. Lin et al. [21] also showed an effect of MM PEG on the partition coefficient in a study of LDH partition in PEG/hydroxypropyl starches (PESs) which yielded K values between 0.05 and 0.84 when using PEG 2000 and PEG 6000 at the isoelectric point of the enzyme.
The isoelectric point of LDH is 6.3, so this enzyme is negatively charged at pH 7.0, which facilitates the migration of this protein to the top phase (i.e., PEG -rich phase) [7] . However, this displacement also depends on other parameters, such as the polymer, polymer molar mass and salt concentrations. It is important to note that the relationships between MM PEG and partition coefficient depend on separation conditions (pH, salts, ionic strength, etc.) to which the target protein is subjected [22] .
The interaction effect is known as the effect of one factor on partitioning depending on the presence of another factor. In our case, MM PEG and PEG concentration showed a critical interaction effect on K value (Fig. 2) . The positive interaction effect between these two factors means that simultaneous decreases in both variables also lead to an increase in the K value.
LDH yield
It was observed that MM PEG is inversely related to LDH yield. In PEG-citrate systems ( Table 2) , it is evident that the best yield and purification factor were obtained with the enzyme in the top phase. Yields of up to 163% were found when PEG 400 was used in the systems, indicating that ionic conditions in the top phase allow a better interaction between LDH and pyruvate than in the bovine heart crude extract. This can be due to the fact that an increase in solvent viscosity considerably decreases enzyme catalytic rate, as already observed for carboxypeptidase, trypsin and catalase, as well as lactate dehydrogenase [16] . The exception occurred in the system containing 46% (w/w) PEG 400 and 7.5% (w/w) citrate. Table 3 shows that MM PEG was effective for LDH yield in top phase, while citrate concentration showed effect for yield in the bottom phase. PEG concentration was the only factor that contributed to enzyme yield in both phases. The interaction effect Table 3 Effects estimates from the responses in Table 2 The effects represented by bold numbers are statistically significant (p < 0.05). between MM PEG and citrate concentration showed no significant effect on LDH yield in the top or bottom phase. These findings reinforce that PEG concentration is the most important variable for statistical significance of interaction effect on enzyme yield.
Independent variables and their interactions
Purification factor
PEG 400 also showed good results for the purification factor in the top phase, in the range of 3.4-7.9 ( Table 2) . PEG 400 at 42% (w/w) was more sensitive to citrate concentration, since 7.5% (w/w) resulted in the lowest value for LDH purification, while 12.5% (w/w) produced the highest value (Fig. 3) . These results are in agreement with other studies described in the literature using biological extracts. The potential use of ATPS for the recovery of laccase from the residual compost of Agaricus bisporus was evaluated by Mayolo-Deloisa et al. which obtained a purification factor of 2.48 in ATPS composed of 18.2% (w/w) PEG 1000 and 15% (w/w) potassium phosphate. PEG-citrate system composed of 22% (w/w) PEG 10000 and Fig. 3 . Simultaneous effects of PEG molar mass -MMPEG (g/mol) and citrate concentration -C cit (w/w %) on the purification factor in the top phase -PFt of lactate dehydrogenase from bovine heart crude extract by PEG/citrate ATPS. 8 .0% (w/w) citrate was also used for the extraction of proteases from fermented broth, obtaining a purification factor of 4.2 [22, 23] .
The effects of MM PEG as well as citrate concentration on the purification factor in the top phase were significant (Table 3) . Consequently, the interaction effect of these independent variables can also be noted for LDH purification. The effect of PEG concentration was shown to be more important in the purification factor. However, the effect of this independent variable combined with citrate concentration also showed a confidence level greater than 95%.
It is important to note that MM PEG was responsible for the greatest effects on yield and purification factor in the top phase ( Table 3) . The relationship between MM PEG , yield and purification factor was also described by Spelzini et al. [24] using a PEG-phosphate system, suggesting the non-specific nature of the interaction of PEG and a large amount of protein through hydrophobic regions. The high purification factor and yield observed in our study using PEG 400 could also be due to the elimination of inhibitors during the purification process, which favors enzyme stability, as described for the partitioning of xylose reductase in a PEG-phosphate system [25] .
Conclusion
In PEG-citrate ATPS, the lower MM PEG was the most important independent variable increasing all the effects on the responses analyzed in the top phase: enzyme partitioning, purification factor and yield. The effects of citrate concentration on the purification factor in the top phase also were significant. The increase in citrate concentration led to higher purification factors. The lowest levels of all variables allowed the creation of a perfect environment for accumulating the enzyme in the PEG-rich phase and to also increase LDH yield. Although this ATPS did not provide the best conditions for the purification factor, it possibly removed some enzyme inhibitors present in the bovine heart crude extract. Therefore, our study was able to select a representative model for LDH partial purification with maintenance of its biological activity.
